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Air-bubble coalescence in aqueous electrolytic solutions, following quasi-static approach, was studied in 
order to understand its slow rate in purified water and high rate in electrolytic solutions. The former is found 
to be due to surface charges, originating from the speciation of dissolved CO2, which sustain the electric 
double layer repulsion. Rapid coalescence in electrolytic solutions is shown to occur via two different 
mechanisms: (1) neutralization of the carbonaceous, charged species by acids; or (2) screening of the 
repulsive charge effects by salts and bases. The results do not indicate any ion specificity. They can be 
explained within the DLVO theory for the van der Waals and electric double layer interactions between 
particles, in contrast to observations of coalescence following dynamic approach. The present conclusions 
should serve as a reference point to understanding the dynamic behavior. 

Air-bubble coalescence is frequently encountered in nature as well as in industry^"^^. In some cases, rapid 
coalescence is preferred, e.g. to avoid clogging of a system. In others, a relative slow coalescence is 
required, in order, for example, to keep the total interfacial area of the bubbles as high as possible. An 
example of a natural process is the formation of bubbles during breaking of seawater waves. This foam stays stable 
for a short time, during which the bubbles enhance the dissolution of oxygen and other weakly soluble gases^'^. 
Eventually, the coalescence of the bubbles with the sea-air interface leads to transfer of gas and ionic aerosols to 
the atmosphere^"^. Industrial examples include mass transfer processes in bubble columns, distillation towers, 
gas-liquid contactors, bioreactors, electrochemical cells etc.^'^. 

Relatively slow bubble coalescence (seconds or minutes) in aqueous solutions containing certain concentra- 
tions of electrolytes, was apparently first observed in 1929^°. This phenomenon has been widely discussed^^"^^, 
since it appears to be in qualitative contradiction to the DLVO (Derjaguin, Landau, Verwey, and Overbeek) 
theory^^, which describes the stability of colloidal particles in a medium, by calculating the combined effects of van 
der Waals (vdW) attraction and electric double layer (EDL) repulsion between the particles. It predicts acceler- 
ated bubble coalescence in aqueous solutions of electrolytes compared with purified water. So far, only partial 
explanations of this apparent contradiction have been given, based on surface elasticity^'^^'^^'^^'^°, surface dif- 
fusion^\ ion partitioning at the tested liquid-air interface^^'^^'^^ hydration and structural forces^^'^^'^^, effective/ 
partial immobilization of interfaces, and deformation effects'*^"^^. 

Various electrolytes have been investigated over the years, using a variety of methods to study bubble coales- 
cence behavior. Since bubble coalescence is actually a process of thin film rupture, it has been studied by methods 
that apply to either whole bubbles or isolated thin films: a bubble column^^"^°, pairs of bubbles^^'^^'^^"^^, bubbles 
rising to the interface^^"^", a liquid thin-film between two gas -phases^ and two bubbles in Atomic Force 
Microscopy (AFM)^^"^^. These studies have revealed the effect of electrolyte type and concentration on the rate 
of bubble coalescence, mostly when the approach of the coalescing bubbles is dynamic (approach velocity higher 
than 10 |im/sec). The transition between rapid coalescence (order of magnitude of milliseconds or seconds) and 
relatively slow coalescence occurs only with certain electrolytes and at specific concentrations (termed "transition 
concentrations" ^^) . 

Craig et al, using the bubble column method, empirically classified the ions of the electrolytes as type a or p. 
They found that aot and PP electrolytes in aqueous solutions slow bubble coalescence, while aP and Pot electrolytes 
have no meaningful effect compared with purified water^^. This classification was supported also by the results 
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obtained using the thin-film method^\ They later extended the clas- 
sification to include mixed aqueous electrolytes, using the same 
experimental technique^^. There are very few exceptions to the "a, 
P" classification: slow coalescence was observed also for aP and Pa 
electrolytes, but at higher transition concentrations^ \ Unfortunately, 
in other studies, only aa electrolytes were used, hence the ion spe- 
cificity phenomenon needs to be further studied. 

Recently, the approach velocity between the two interfaces, using 
the thin-film method, was found to be a key issue for the coalescence 
behavior in aqueous solutions of electrolytes^^. For dynamic 
approach (velocities above 150 jim/sec), the observations supported 
previous studies. But, for quasi-static approach (below 1 jim/sec), 
the observations were completely different: slow coalescence in puri- 
fied water (minutes to hours) and rapid coalescence for electrolyte 
solutions (seconds). For intermediate approach velocities (between 1 
and 150 jam/sec) transient films were observed. 

In contrast to the dynamic-approach case, recent observations for 
quasi-static approach (velocities below 1 jim/sec) show behavior that 
may be in qualitative agreement with the DLVO theory. Yaminsky 
et al.^^ studied the coalescence of purified-water films and aqueous 
NaCl solutions films, and demonstrated some agreement with the 
DLVO theory by fitting the disjoining-pressure isotherm to experi- 
mental data. A later study by Tabor et al.^^, which also explored 
coalescence under quasi-static approach (<0.2 jim/sec), demon- 
strated that bubble coalescence in water is highly dependent on gas 
type and pH. Their results with air bubbles in "as is" purified water 
(pH = 5.8) are in contradiction with those of Yaminsky et al.^^, since 
the latter demonstrated a stable film of purified water for pH = 5.8, 
while Tabor et al. claimed it is not stable under these conditions. This 
contradiction is associated with the fundamental question regarding 
the origin of the double layer charge. Yaminsky et al.^^ attributed the 
surface charge that keeps the film stable to hydroxyl ions, following 
previous literature. Tabor et al.^^, on the other hand, discussed the 
possibility of the charge originating from CO2 speciation in water, 
mainly with regard to CO 2 bubbles. 

Thus, three main questions regarding air bubble coalescence beha- 
vior seem yet to be open: (a) can it be explained by the DLVO theory 
following quasi-static approach, and what makes it so different fol- 
lowing dynamic approach? (b) if it can be explained by the DLVO 
theory, what is the origin of the surface charge that keeps the thin film 
stable? (c) what is the origin of specificity of the effect of various 
electrolytes, and how is it affected by the approach velocity? The 
objective of the present paper is to explain quasi- static bubble coales- 
cence behavior by answering those of the above questions that relate 
to quasi- static approach in purified water and various electrolytic 
solutions. The experimental method chosen was a bubble growing 
towards the tested liquid-air interface. The reasons for this choice 
were: (a) it allows simple optical visualization of the coalescence 
process at the required accuracy level; (b) it enables limitation of 
the bubble approach velocity to sufficiently low values; and (c) it 
has features that are similar to both bubble column and thin film 
systems. 

Results 

Air-bubble coalescence was studied using the system shown in 
figure la. A single bubble was produced by pushing air from a syringe 
through a capillary tube, submerged in the tested liquid (to be 
referred to simply as "the liquid"), with the aid of a micrometer. 
The liquid- air interface plays the role of the second (very large) 
bubble, with which the formed bubble coalesces. The process was 
recorded with the aid of a microscope-video set (magnification of 
about X20). The bubble was reflected by the liquid-air interface, and 
this reflection enabled a rough estimation of the distance between 
them (figure lb). The bubble was slowly grown until the film thick- 
ness between the bubble and Uquid-air interface was about 100 jim. 
From this point on, the bubble continued to slowly expand towards 



the liquid- air interface, due to a slight pressure difference that 
remains or arises in the syringe, probably because of relaxation 
motion of the piston. The measured approach velocity of the bubble 
was within the range of 1-10 jim/sec. Then, the bubble reached close 
contact with the liquid- air interface, and finally they coalesced. 

The rate of coalescence is represented by the coalescence time, 
which is defined as the time difference between the moment at which 
the top of the bubble is observed to contact its reflection and the last 
frame before coalescence (see figure 2). Emphasis was put on the 
transition between two extreme coalescence behaviors. One extreme 
is rapid coalescence (time of about 1-10 sec.) or very rapid coales- 
cence (less than 0.06 sec, which is the time interval between two 
video frames); no visible deformation of the bubble interface could 
be observed during these rapid coalescence processes, and high 
reproducibility of coalescence times was observed as can be seen 
by the low standard deviations (figure 3). The other extreme is slow 
coalescence, characterized by long coalescence times of 15 minutes or 
more (even hours), while the bubble is being deformed at its top 
(figure 2, the last frame before coalescence). The uncertainty in the 
long coalescence times is mostly due to the identification of the 
moment of contact, since the final coalescence stage lasts less than 
—0.06 second (two frames). This uncertainty was found to be limited 
to less than ten frames, thus the coalescence time resolution in these 
experiments was about 1 second (for more details, see methods). 
Since the difference between long and short coalescence times is at 
least two orders of magnitude, this resolution for slow coalescence is 
more than adequate for the present purposes. 

Figure 3 presents the measured coalescence times vs. calculated 
ionic strengths of tested liquids. Coalescence times longer than 
15 min. are indicated by small upward arrows located at the 
15 min. level. The ionic strength was chosen as the independent 
variable because it is a determining factor in double layer interac- 
tions. It was calculated for each tested liquid, according to the fol- 
lowing equation 

I = 0.5^Qzf (1) 

where Zf is the valence of ion /, and Q is its molar concentration. In 
addition to the equilibrated concentration of the ions derived from 
the electrolyte, we considered the carbonaceous ions resulting from 
the equilibrium of CO 2 dissolved in water (HCO3", CO^^~, H2CO3), 
and self-ionization of water. The results of these calculations are 
shown in figure 4, in terms of the ratio between the carbon species 
as a function of pH^^'^°. Purified water, exposed to air under standard 
conditions, has slightly acidic pH (5.8) due to dissolved CO2 and its 
equilibrated species. 

As shown in figure 3, the coalescence time in purified water was 
longer than 15 min. In electrolyte solutions, there is a clear transition, 
of at least two orders of magnitude, from long coalescence times to 
short coalescence times within a relatively narrow range of ionic 
strengths. The transition ionic strength (TIS) is defined here, for sim- 
plicity, as the average between the highest ionic strength that sustains 
slow coalescence and the lowest ionic strength that causes rapid 
coalescence (see lines in figure 3 that connect these pairs of points). 
Table 1 lists the TIS values measured in the present work. It is clear 
that the TIS values of the strong acids are the lowest, with the weak 
acid having almost one order of magnitude higher value, probably due 
to its equilibrated neutral molecules in water. It is important to note 
that the differences in the TIS values between strong acids and salts are 
of orders of magnitude, way above any experimental error (see 
figure 3a and 3b). The TIS of the strong base is slightly higher com- 
pared with that of the salts (figure 3c). But, the weak base has aTIS 
similar to that of the weak acid. Again, it is probably due to its 
equilibrated neutral molecules in water. The above observations relate 
rapid or very rapid coalescence and slow coalescence to ionic strength 
and pH. As will be discussed below, the observed quasi-static behavior 
can be readily explained by employing the DLVO theory. 
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Figure 1 | Experimental system, (a) experimental set-up: Micrometer in order to push the syringe piston; Capillary (inner diameter of 0.8 mm; external 
diameter of 1.09 mm) attached to the syringe for forming a single bubble in the liquid; A cylindrical Perspex column contains tested liquid till 2.65 mm 
above the capillary. The process was followed by taking a video movie (17.4 frames/sec), which was recorded with the aid of a microscope-video set 
(magnification of about X20). (b) a picture of a bubble during the stage of growing toward the liquid-air interface and reflected by it. 



In order to further support such a conclusion, there is a need to 
find out the source of the surface charges. To demonstrate the crucial 
role of the carbonaceous species in forming the EDLs on the inter- 
faces, we measured also bubble coalescence in purified water, con- 
taining negligible concentrations of carbonaceous species. For this 
purpose, ultra- zero air (RIVOIRA, CO 2 < 1 ppm) was used for 
blowing the bubbles as well as for the gas phase, and the reverse- 
osmosis water was boiled to release the dissolved carbon dioxide 
(since the solubility of CO2 decreases with temperature) ^\ Indeed, 
the pH of the boiled purified water was 6.5, corresponding to neg- 
ligible C02-speciation in the water (for more details, see methods). In 
contrast to the long coalescence times observed in the case of "as is" 
purified water, this "C02-free" system showed only rapid coales- 
cence (3.0 ± 2.5 sec). This cannot be due to the pH increase (from 
5.8 to 6.5), because when we increase the pH with a base solution, 
rapid coalescence occurs only at pH of about 11. The "C02-free" 
experiment was repeated 10 times and gave reproducible results (for 
more details, see methods). Thus, it is qualitatively shown, using a 
simple, straightforward way, that the EDL repulsion must be due to 
the presence of CO2 in air and consequently in the water. 



Discussion 

The natural tendency of bubbles is to coalesce, in order to reduce 
their surface energy. The mutual attraction of the interfaces of the 
bubbles and their coalescence derive from the universal vdW inter- 
action between the molecules at the two sides of the interfaces. 
Slowness of coalescence for meaningful (finite) time periods requires 
repulsion that opposes the vdW attraction. The DLVO theory con- 
siders repulsion in electrolytic systems, which is due to electrostatic 
interaction between electric double layers on the two interfaces. 
These are formed following preferential adsorption of ions to the 
surfaces. The current experimental results support the hypothesis 
that the phenomena associated with bubble coalescence under 
quasi- static conditions can be explained by the DLVO theory^^. 
This conclusion may serve as a reference point for better understand- 
ing of coalescence following dynamic approach, which does not 
comply with the DLVO theory. 

The slowness of coalescence of air bubbles in purified water indi- 
cates that there must be a repulsion force between the air-water film 
interfaces. Previously reported zeta-potential measurements indeed 
indicated that the air- water interface is (negatively) charged, with a 
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Figure 2 | Stages in the bubble coalescence process that are used for determining the coalescence time in the cases of slow, rapid, and very rapid 
coalescence. 
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Figure 3 | Coalescence times vs. ionic strength for the various electrolytic 
aqueous solutions, (a) Acidic aqueous solutions. Black triangles - HCl 
(Pa); pale-blue diamonds - HNO3 (|3a); green circles - H2SO4 (pa); red 
squares - HAc (PP). (b) Salts aqueous solutions. Black triangles - NaCl 
(aa); red squares - KCl (aa); Pale-blue diamonds - KAc (ap); green 



squares - NaAc (aP). (c) basic aqueous solutions. Black triangles - NaOH 
(aa); red squares - NH4OH (aa). Lines connect the highest ionic strength 
that sustains slow coalescence and the lowest ionic strength that causes 
rapid or very rapid coalescence; their average value is defined as the TIS. All 
long coalescence times (>15 min.) are presented as upward arrows 
starting from the 15 min. line. The "as is" purified water (pH = 5.8; ionic 
strength of 2.1 X 10"^ M), without added electrolytes, is represented, for 
comparison, in each figure as a blue arrow. 



potential of about -40 to -60 mV^^'^^-^^ although the extent of the 
ions affinity to the air-water interface is still under debate^^"^^. The 
only CO2- derived species that exists at a meaningful concentration in 
"as is" purified water (pH = 5.8) is HCO3" (see figure 4); also, the 
solubility of CO2 in water at atmospheric pressure and room tem- 
perature is order of magnitude of 10"^ M. Therefore, the molar 
concentration of HCO3" is about two orders of magnitude higher 
the the concentration of OH" at pH = 5.8. Hence, it is reasonable to 
associate the formation of the EDL with the dissolved CO2. The 
above-mentioned experiment that showed rapid coalescence in the 
absence of CO2 strongly supports this assumption. Moreover, this 
indicates that the carbonaceous species must be the prime source of 
the surface charge.Thus, it is justified, on experimental as well as 
theoretical grounds, to associate the formation of the EDL with the 
dissolved atmospheric CO2, as Yaminsky et al.^^ suggested. Next, the 
coalescence results are quantitatively discussed within the frame- 
work of the DLVO theory, in order to further support the above 
assumption. 

To facilitate the discussion, the total interaction energy between 
the interfaces vs. film thickness is presented in Fig. 5, for various 
aqueous solutions that represent those experimentally studied in this 
work. These energy profiles present energy-barriers that need to be 
overcome in order for the bubbles to coalesce. They strongly depend, 
as is well known, on the type and composition of the solution. The 
effect of an energy barrier on bubble coalescence depends mostly on 
two factors: the height of the barrier and the film thickness associated 
with the maximum in energy. If the energy barrier is too low, the 
thinning of the film cannot be stopped and the bubbles must 
coalesce. When the energy barrier is sufficiently high to retard thin- 
ning of the film, then two possible scenarios exist: (a) if the film is 
sufficiently thick (roughly above about 40 nm) when the energy is 
maximal, coalescence will be slow^^'^^; and (b) if the film is too thin at 
its maximum energy, thickness instabilities cause instant rupture of 
the fi\m''''\ 




10 11 12 13 14 



pH 



Figure 4 | Calculated concentration of carbonaceous species vs. pH. 

Partial pressure of CO2 in the atmosphere is assumed constant, and acid/ 
base are added to adjust the pH. Solid line - HCO3" (aq); Dashed line - 
CO3'- (aq); Dotted line - H2CO3 (aq). 
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Figure 5 is based on the following equation for the total energy of 
interaction per unit area between two planar interfaces'^ (since the 
bubble size is much bigger than the thickness of the film) 

1,2 r 



E = 



Und^ 



471 



{I - cothlxd) + ■ 



1 



sinhlxd 

A = Aii+A22-2VAiiA22=Aii 



(2) 



(3) 



The first expression on the right-hand side of eq. (2) is the vdW 
attraction energy, where d is the thickness of the fluid film between 
the bubble and liquid- air interface, and A is the Hamaker constant. 
In order to calculate the appropriate A for our system, namely for two 
bodies of the same material immersed in a different medium, we use 
eq. 3^°, where An and A22 are the Hamaker constants of water and 
air, respectively. This equation accounts for all possible pairwise 
interactions, and since the Hamaker constant of air is practically 
zero, the Hamaker constant of two bubbles in water turns out to be 
equal to that of water in vacuum (A = An = 3.7*10"^° J). The 
second expression on the right-hand side of eq. 2 is the electrostatic 
repulsion energy, where 8 is the permittivity of water, and i/^ is the 
surface potential of both interfaces, assuming a pH-dependent 
potential that is, however, independent of d^^'^^~^^. The Debye length, 
X~\ is given by 



KSpkBT 



where k is the dielectric constant of the solution, £0 is the free space 
permittivity, ks is the Boltzmann constant, T is the absolute temper- 
ature, e is the elementary charge, and Na is the Avogadro number. 
For aqueous solutions, at room temperature, the Debye length can be 
calculated (in nanometers) from 

0.304 

(5) 



X(nm) " 



The properties of the solutions at their corresponding TIS values, 
which are required for the discussion based on eqs. (2) -(5), are also 
shown in table 1. They are calculated by taking the average between 
the corresponding properties of the two solutions that were used to 
calculate the TIS. The latter is also used to calculate the transition 
Debye length (TDL). 

Figure 5 shows that the experimental results may indeed be 
explained by the DLVO theory. The competition between vdW 
energy and the electrostatic repulsion energy leads to meaningful 
energy barriers in the cases of "as is" purified water (pH = 5.8; 
= 211 nm; ij/ = —40 mV), and weakly acidic solution (pH = 5.0; x"^ 
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Figure 5 | Calculated interaction energy (equations 2-4) vs. film 
thickness for cases that resemble those studied experimentally. The 

surface potential (ip) depends on the pH^^ and Debye length (calculated 
from the relevant ionic strength), (a) Comparison of acidic solutions. Blue 
line - water - pH = 5.8, ij/ = —40 mV, = 211 nm; Green line - acidic 
solution - pH = 5.0, \]/ = —30 mV, x"^ = 100 nm; Orange line - salt 
solution - pH = 5.7, ij/ = —40 mV, x"^ = 54 nm-;Pink line fits to three 
transition solutions: transition strong acidic solution - pH = 4.5 yip = 
— 5 mV, x~^ = 54 nm; transition weak acidic solution - pH = 3.7, ij/ = 
5 mV, = 17 nm; transition salt solution - pH = 5.8, ij/ = —40 mV, 
= 6 nm. (b) Comparison of basic solutions. Pale blue line - transition 
strong basic solution - pH = 1 1.4, i/^ = — 120 mV, X^ ~ 3 nm; Red line - 
transition weak basic solution - pH = 10.9, i]/ = —100 mV, x~^ = 12 nm. 
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= 100 nm; i// = —30 mV), thus explaining slow coalescence and 
stable films at film thickness around 100 nm^^'^^ (see figure 5a). 
The energy barrier becomes smaller with decreasing pH, till no bar- 
rier exists at pH = 4.5; x"^ = 54 nm; ij/ = —5 mV, and rapid 
coalescence is observed. Consideration of fig. 4 leads to the conclu- 
sion that the lack of repulsion in this case stems from the lack of 
negatively charged, carbonaceous ions due to the low pH. Thus, one 
mechanism for rapid coalescence is the neutralization of the EDL by 
eliminating the source of the charge. 

The salts hardly affect the pH, therefore their contribution is 
mainly to decrease the Debye length. In contrast to the transition 
acidic solution, salt solution at the same Debye length (pH = 5.7; 
= 54 nm; ij/ = —40 mV) leads to meaningful energy barrier that 
explain slow coalescence and stable film at film thickness around 
50 nm^^'^^ (as can be seen in fig. 5a and eq. 2). Therefore, additional 
mechanism for rapid coalescence is considered for salt solutions. At 
the transition salts solutions (pH = 5.8; = 6 nm; iJ/ = —40 mV) 
the repulsion energy decreases sufficiently to annul the EDL repul- 
sion. Consequently, the coalescence process is rapid, since it is domi- 
nated by the vdW attraction energy, with practically no energy 
barrier. Thus, the effect of salts is due to screening of the surface 
charges simply by increasing the electrolyte concentration (hence, 
Debye length decreases sufficiently). The effect of bases is similar to 
that of the salts; screening of surface charges that leads to rapid 
coalescence. As seen in figure 5b, the repulsion energy decreases 
sufficiently to annul the EDL repulsion when the Debye length 
decreases to 3 nm (transition strong base solution). We get unique 
energy profile for transition weak base solution, as surface potential 
increases with pH and Debye length decreases with the ionic strength 
involved, (see figure 5b and equation 2). Minimum interaction 
energy (attraction) occurred around 30 nm, and energy barrier 
(repulsion) occurred around 10 nm. As attraction energy at film 
thickness within the range of 30-50 nm causes instant rupture of 
the film^^'^^, irreversible bubble coalescence was observed. Hence, 
energy barrier at film thickness thinner than 30 nm is not relevant 
with regard to soft matter, e.g bubbles. 

To conclude, air-bubble coalescence following quasi- static 
approach was found to qualitatively and quantitatively obey the 
DLVO theory. In contrast to the case of dynamic approach, long 
coalescence times (up to hours) were observed for air bubbles in 
'as is' purified-water, in agreement with the results of Yaminsky 
et al.^^. The significant effect of CO2 on air-bubble coalescence beha- 
vior is shown qualitatively (by demonstrating rapid coalescence 
induced by releasing the CO 2 from the water), and quantitatively 
(by discussing the height of the interaction energy barrier). CO2 
speciation appears to be the main source of the surface charge that 
keeps the purified- water film stable, since at the pH of 'as is' purified- 
water (pH = 5.8) the concentration of HCO3" (see figure 4)is about 
3*10"" M compared with that of OH" that is only 6*10"" M. 
Coalescence can be made rapid by two different mechanisms: either 
neutralizing the carbonaceous charge carriers (using acids), or 
screening the repulsive charge effects (reducing the Debye length 
using any electrolyte). The present observations clearly demonstrate 
these mechanisms. In addition, the very similar behavior in solutions 
of salts and bases of different "a,p" classification impUes that there is 
no ion -specificity in coalescence phenomena following quasi-static 
approach. 

Methods 

Bubble coalescence was studied using the system shown in figure la. The process was 
followed by taking a video movie (17.4 frames/sec), which was recorded with the aid 
of a microscope-video set (magnification of about X20). A single bubble was pro- 
duced by pushing air from a syringe through a metal, high-quality, rounded-tip 
capillary tube with an internal diameter of 0.8 mm and an external diameter of 
1.09 mm. The tip of the capillary was located 2.65 mm below the liquid-air interface 
that served as a substitute for a large bubble. The bubble was slowly grown until its top 
was about 0.5 mm below the liquid-air interface. Then, the quasi-static approach to 
the liquid-air interface was ensured by adding air to the bubble in steps of 150 nL, 



followed by a waiting period of 30 seconds. The bubble was grown in this way, until 
the film between bubble and liquid- air interface is about 100 |j,m. Apparently, from 
this point the bubble continues to slowly expand without external influence towards 
the liquid-air interface (due to a slight pressure difference that remains or arises in the 
syringe, probably because of relaxation motion of the piston). During the approach of 
the bubble, its top is reflected in the liquid- air interface and the location of the liquid- 
air interface is estimated by this reflection. 

The time point of contact is defined by the frame at which the top of the bubble is 
observed to just touch its reflection (see figure 2).The coalescence time is measured by 
counting the video frames from the point of contact to the last frame before coales- 
cence with the liquid- air interface. In cases of rapid coalescence, the two time points 
were either identical (which estimate coalescence time less than the time interval 
between frames, —0.06 seconds) or clearly recognized (figure 2). The standard 
deviation is presented for each test solution in figure 3 (sometimes too small to be 
recognized). In cases of slow coalescence, the time point of contact is more 
ambiguous, hence we independently identified it at least ten times for each video 
movie. The coalescence times were reproducible with standard deviation of ±0.6 
seconds. The total uncertainty in the coalescence times was therefore about 1 sec, 
which is more than adequate for slow coalescence (>15 min) and for the present 
purposes. In addition, it should be mentioned that all experiments were performed at 
a temperature of 296 K and relative humidity of 55%. In all cases the bubble volume at 
the contact time was similar, as calculated from the shapes of the bubbles (9 ± 
0.3 III). 

The experiments were repeated at least 10 times for each solution using three 
different preparations. The measurements for each test solution were found to be very 
reproducible, and their averages and standard deviations are presented in figure 3. 
The approach velocity of the top of the bubble was directly calculated from the video 
frames preceding the touching of the interface, where the coalescence process/ 
dynamics takes place. It was within the range of 1-10 |am/sec in all experiments, 
which fits the definition of the quasi- static range^^. 

The aqueous solutions were prepared with purified water, obtained by ultrafiltra- 
tion (Elgar UHQ system) of Reverse Osmosis water. The measured pH is 5.8, due to 
CO2 dissolution and speciation in the water. The highest measured conductivity of 
the purified water, as received from the purification system, was 10 |aS m~\ and it 
changed to at most 20 [lS m"^ after one day in our system (only some of the pure 
water experiments were done with day- old water; all other experiments were per- 
formed within a short time of getting the purified water). For "C02-free" water 
experiment, the purified water (Reverse Osmosis water) was boiled to release the 
dissolved carbon dioxide^\ Then, it was cooled to room temperature and applied to 
the system under ultra-zero air conditions. Conductivity and pH of the boiled water 
were 11 ± 5 |aS m"^ and 6.5 respectively, which corresponds to a negligible CO2- 
speciation in the water. Other techniques to get "C02-free" system, e.g. nitrogen or 
noble gas treatment, produced too much artefacts in our system. We repeat this 
experiment 10 times and found it to be reproducible (±2.5 sec). 

The following salts were used: 99.5% analytical sodium chloride (Frutarom che- 
micals), 99.4% analytical, potassium acetate (Baker chemicals), chemically pure 
99.5% potassium chloride (Frutarom chemicals), and 99.99% analytical sodium 
acetate (Merck chemicals). The acidic solutions used were: 1.000 ± 0.002 M 
hydrochloric acid, 1.000 ± 0.002 M nitric acid, 1.000 ± 0.002 M acetic acid, and 

0. 500 ± 0.001 M sulfuric acid, all by Merck chemicals, primary standard solutions. 
The basic solutions used were: 1.000 ± 0.001 M sodium hydroxide (Merck chemicals, 
primary standard solution), and 5.0 M ammonium hydroxide (Fluka analytical. 
Traceable to NIST). To ensure that there were no surface active impurities in the 
tested solutions, surface tension of purified water and salt solutions (1 M) were 
measured by the pendant drop method. The results were: 71.5 ± 0.1, 73.8 ± 1.2, 73.4 
± 1.1, 73.7 ± 1.2, 73.1 ± 0.9 mN m-i for purified water, 1 M NaCl, 1 M KCl, 1 M 
KAc, 1 M NaAc respectively. 

The electrolytes were chosen in such a way that all "a,P" classifications are 
represented: (1) Salts: NaCl (aa), KCl (aa), NaAc (a(3) and KAc (aP); (2) Acids: HCl 
(Pa), HNO3 (Pa), H2SO4 (Pa) and HAc (PP); and (3) Bases: NaOH (aa) and NH4OH 
(aa). Electrolytic aqueous solutions were studied over a concentration range of 
10"*^ M to 1 M, prepared by dilutions with purified water. The pH value of each 
solution was measured before and after the coalescence process (using Combination 
pH glass Electrode; Hanna Instruments 1043). In most experiments the gas phase was 
atmospheric air, except for "C02-free" experiment in water, for which ultra-zero air 
(RIVOIRA, CO2 < 1 ppm) was used. 
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